In this Report we show the role of charge defects in the context of the formation of electrostatically defined quantum dots. We introduce a barrier array structure to probe defects at multiple locations in a single device. We measure samples both before and after an annealing process which uses an Al 2 O 3 overlayer, grown by atomic layer deposition. After passivation of the majority of charge defects with annealing we can electrostatically define hole quantum dots up to 180 nm in length. Our ambipolar structures reveal amphoteric charge defects that remain after annealing with charging energies of 10 meV in both the positive and negative charge state.
In order to perform sufficient coherent operations in a proposed quantum computer 1 , the quantum states of the corresponding qubits are required to be long-lived. In the scheme proposed by Loss and DiVincenzo 2 , quantum logic gates perform operations on coupled spin states of single electrons in neighboring quantum dots (QDs). Most experiments have focused on quantum dots formed in III-V semiconductors, especially GaAs 3, 4 . However, electron spin coherence in those materials is limited by hyperfine interactions with nuclear spins and spin-orbit coupling. Group IV materials have been shown to have long spin lifetimes because of weak spin-orbit interactions and the predominance of spin-zero nuclei. This prospect has stimulated significant experimental effort to isolate single charges in carbon nanotubes 5, 6 , Si/SiGe heterostructures 7, 8 , Si nanowires 9 , planar Si MOS structures 10 , and dopants in Si [11] [12] [13] [14] [15] . Silicon not only holds promise for very long coherence times [16] [17] [18] , but also for bringing scalability of quantum devices one step closer, and has thus attracted much attention for quantum computing purposes 19, 20 . For the quantum states to be well-defined, it is necessary to define singular quantum dots. Disorder in the confinement potential can lead to unintentional quantum dots 21, 22 , resonant tunneling features 23, 24 , and Anderson localization 25 . In silicon planar quantum dots, nanometer-size Coulomb islands are electrostatically defined in silicon in a gated MOSFET-type heterostructure. Apart from the quality of the crystalline silicon the quality and disorder in the heterostructure is directly linked to the disorder of the confinement potential.
In this Report, we focus on disorder caused by defects at the Si/SiO 2 interface and investigate their effect on the formation of electrostatically defined quantum dots. We do this by creating an array of barrier electrodes, each capable of locally controlling the potential for quantum dot formation and probing the respective crystalline environment. We show that an annealing process with Al 2 O 3 , grown by atomic layer deposition (ALD), reduces the disorder such that quantum dots 180 nm in length can be formed. Furthermore, we observe that after annealing a small percentage of barriers show charge transitions with an amphoteric character.
The role of defects at the Si/SiO 2 interface in this heterostructure has been extensively studied in the context of MOSFET technology. One of the most studied defects at this interface is the paramagnetic P b center [26] [27] [28] which is linked to surface charges, decreased mobility, and the negative-bias temperature instability (NBTI) effect 29, 30 . For quantum computation, P b centers have been used in coherent manipulation of spin-dependent charge-carrier recombination of phosphorus donors. 31 Defects at the interface have also been associated with random telegraph signals at low temperatures and characterized by means of single-electron spin resonance 32, 33 and magnetic-field dependent measurements 34 .
The P b center is in essence a Si atom with a dangling bond that has formed due to the incommensurability of the crystalline Si and the amorphous SiO 2 . Two types of P b center can be further distinguished. The P b0 center is backbonded to two Si atoms and one oxygen atom, while the P b1 center is backbonded to three Si atoms. For the P b0 center, the density of interface states D it in the gap is amphoteric in nature with its maxima at 0.25 and 0.85 eV above the valence band 35 . Passivating P b centers is commonly achieved by introducing hydrogen to the dangling bonds in an annealing process. This process reduces the dangling bond spatial density from order 10 13 cm −2 to 10 10 cm −2 and improves numerous parameters related to MOSFET-like transistor operation and has also been shown to improve parameters related to quantum dot formation 37, 38 .
Addressing only a single quantum dot defined by electrostatic gating can be hampered by a charge defect. If a charge defect is located beneath an electrode intended to form a tunnel barrier, this electrode acts a gate on this defect. Instead of forming a single tunnel barrier to the QD, the levels of the defect remain available for transport resulting in additional single-charge tunneling events. This situation is sketched for an unpassivated charge defect in Figure 1a for the right tunnel barrier.
While the valence band of the right tunnel barrier is below the Fermi level, the level of the charge defect is above the Fermi level and is thus available for hole transport. If the defect is in close enough proximity to the QD, an ill-defined double quantum dot can form. If the defect is passivated by hydrogen, the potential is smooth and behaves as a normal tunnel barrier for the QD. The same arguments hold for an impurity level just below the conduction band when measuring an electron QD. Figure 1b shows an atomic force microscope image and Figure 1c a schematic cross section of our device structure, made with a combination of optical and electron-beam lithography (EBL), based on the recipe as described by Angus et al. 38 . We further distinguish two device types -A and B -specified below. Near-intrinsic (100) silicon (ρ ≥ 10 kΩ · cm) is used as the substrate. Source and drain regions are implanted with boron/phosphorus dopant atoms, which are activated by rapid thermal annealing, and serve as hole/electron reservoirs. Ohmic contacts to these regions are made by sputtering Al-Si alloy (99:1) contact pads. A 10 nm thick high-quality SiO 2 oxide window is thermally grown at 900 • C and serves as an insulating barrier between the substrate and the aluminum gates. Contact pads for gates are defined using optical lithography followed by development, evaporation of Ti/Pd, and subsequent lift-off. At this point, for device type B, a 5 nm Al 2 O 3 "underlayer" using ALD at a process temperature of 250 • C is grown on top of the SiO 2 . Subsequently, EBL followed by evaporation and liftoff is used to define the sub-micron aluminum gates. These gates will electrostatically control charge accumulation. In the first step, the barrier gates are created and thermally oxidized. In the second step, the lead gate is created. Atomic force microscopy images show barrier gates with a typical width of 35 nm, and a minimum separation of 180 nm, while the lead gate has a width of approximately 80 nm, see Figure 1b . Following the creation of the aluminum gate structures, we perform a first set of measurements. Then we grow a final "overlayer" of 5 nm Al 2 O 3 at 100 • C, and the sample is heated to 300 • C for 45 minutes in pure Ar ambient of 10 mbar. As a final step, the sample is cleaned in UV ozone for 2 minutes to remove any moisture present.
To study both defects and their influence on QD formation, we use a twofold approach: by using an array of electrodes (seen in an AFM image in Figure 1b) , each acting as a single barrier, we can locally probe the 2D carrier gas and observe single-charge tunneling events. At the same time, using an ambipolar device structure 39, 40 it is possible to infer if accessible levels are located near the conduction or valence band edge by either inducing a 2D hole gas (2DHG) or 2D electron gas (2DEG). Thus, our ambipolar structures allow investigation of both the hole and electron nature of these defects.
Recent work has shown that Al 2 O 3 grown with ALD contains hydrogen and can be used for passivation 41 . We use this property of ALD-grown Al 2 O 3 in a separate anneal step after Al 2 O 3 deposition. We further postulate that the mechanical stability of our gate structure with pure Al is improved by encapsulation in this Al 2 O 3 oxide. It is energetically more favorable to form Al 2 O 3 than SiO 2 because the Gibbs free energy change of Al 2 O 3 formation is lower than that of SiO 2 . Al is known to reduce SiO 2 as confirmed by transmission electron microscopy of our samples 42 . It has also been shown that Al can spike through SiO 2 causing leakages and shorts to the channel 43 . Diffusivity of Al at temperatures around 300 • C can cause dewetting 44 , or void formation can occur due to different thermal expansion coefficients 45 .
We have found that the overlayer of 5 nm of Al 2 O 3 alone in device type A stabilizes the pure aluminum electrodes. Without this overlayer void formation and dewetting-like behaviour was observed in all devices after the 300 • C annealing step (see Supplementary Information). The presence of an Al 2 O 3 underlayer in device type B, between the SiO 2 and the Al gate structure could prevent the reduction reaction that would otherwise occur at the Al/SiO 2 interface. The under-and overlayer of Al 2 O 3 respectively change the surface energy and suppress surface diffusivity of the Al film.
We have measured various devices and report here characteristic behaviour of two types of samples A and B. First, we will focus on device A and the influence of charge defects on the formation of electrostatically defined QDs. Device A (shown in Figures 1b and 1c) does not contain a layer of Al 2 O 3 between the SiO 2 and the Al gate structures. For its transport characteristics we will focus on hole transport. Device A is measured once before Al 2 O 3 overlayer growth and subsequent annealing step. After this passivation procedure the device is measured again. The current I is measured at the drain while the drain is kept at ground. Additionally, all voltages are given with respect to ground. Figure 2a shows the current-voltage relation of the individual barriers before and after annealing. For these measurements all electrodes except the barrier electrode in question are at sufficiently high voltage to allow conduction, while one of the barrier electrodes is swept to such a voltage that the barrier will become opaque and thus "cut off" the channel locally. Cut-off voltages decrease from a spread of -2 V to -1 V to a more narrow region of -1 V to -0.5 V. This is expected to be due to the reduction of a charge layer formed by charge defects present before annealing. The decreased number of resonances in the current I indicates disorder in the device has decreased substantially after annealing. The threshold voltage V Th , here defined as the voltage at which the entire channel becomes conducting when applying the same voltage to all gates, is also lowered after annealing from V Th −4 V to V Th −2.3 V (not 4/9 shown).
We have observed that nearly all resonances associated with the barriers disappear after Al 2 O 3 growth and the subsequent annealing procedure. We have confirmed this in separate bias spectroscopy measurements where Coulomb diamonds of order E C 10 meV coupled exclusively to one barrier gate are no longer present after annealing.
Before annealing, Figure 2b (left) contains at least two sets of parallel lines of Coulombs peaks with distinct coupling to B9 and B10. One set of nearly horizontal lines runs from -2.4 V to -2.3 V parallel to the V B9 axis. We ascribe these horizontal lines to a charge defect underneath B10 21 . Another feature is seen in the increased tunnel current running vertically around V B9 = −900 mV, indicating another feature coupled strongly to B9 with different periodicity from the one underneath B10. A set of irregular diagonal lines is also visible. Thus, this feature is coupled to both B9 and B10, signifying a quantum dot centered between B9 and B10. However, these lines are interrupted and not continuous when intersecting the features associated with the defects, which implies a QD in series with at least 2 defects. After annealing the same device shows very ordered linear transport data in Figure 2b (right) (T 10 mK) at V SD = 0.3 mV with uninterrupted diagonal lines equally coupled to B9, B10. We extract C B10 /C B9 1, where C B i is the capacitance of barrier gate i to the dot. The absence of a charge sensor does not allow us to probe how many electrons are on the dot but the amount of visible charge transitions ( 50) and the lack of interruptions in the charge transition lines indicates the dot has a very controllable charge occupation over a large range of voltages.
We next perform bias spectroscopy in order to more accurately determine the ability to form quantum dots. A bias spectroscopy before annealing reveals several overlapping sets of Coulomb diamonds, see Figure 2c . This is indicative of charge centers in series with the QD. Coulomb diamonds with a charging energy of E C 10 meV are visible as well as another set of diamonds with a charging energy 3-5 meV. After annealing, Figure 2d shows very regular Coulomb diamonds with a well-defined charging energy of E C 2 meV. Below V B9 = 400 meV the diamonds are closing. Around V B9 = −400 mV a band of Coulomb blockade, with |V SD | < 0.3 mV, causes the diamonds not to close. This additional blockade is not due to the dot itself but rather from blockade present further along the 3 micron long channel formed by the lead gate which we were unable to mitigate. The many charge transitions and regular spacing of the diamonds indicates the low level of disorder in the device. Figure 3a and Figure 3b have the same regularly spaced charge transitions as in Figure 2b (right). The charge transitions have equal capacitive coupling to the barrier gates defining the quantum dot and there is no interference from unwanted charge defects. We conclude from Figures 2 and 3 that our annealing process passivates the majority of defects, and allows formation of hole quantum dots of 180 nm long. Now, we will investigate the nature of a single electrically active defect, left after the annealing procedure. Device B, in contrast to device A, contains a layer of Al 2 O 3 between the SiO 2 and the gate electrodes. We have observed that this further increases the yield of our devices. The specific effects of this interlayer on transport characteristics before and after annealing, on the same device, were not studied. After annealing we observe, in all devices with this interlayer, comparable threshold voltages and the same low probability of finding charge traps underneath individual barriers. In our ambipolar device structure, the same heterostructure and its associated imperfections can be probed in both the hole and electron operation regime. Figure 4 shows a bias spectroscopy of a defect still present after annealing underneath a single barrier. The Coulomb diamonds near the valence band and the conduction band are very similar, and several charge states can be clearly observed. After the last charge transition (1h → 0h and 1e → 0e) the diamonds opens up and no charge transitions are observed up to a very high bias, for both the hole and electron operation regime. This indicates that the dot has been emptied completely, although without additional verification from e.g. a charge sensing experiment this cannot be said with absolute certainty. The charging energy on both the hole and electron side is found to be E C 10 meV.
We will now discuss 4 different explanations of these remaining charge transitions, namely dopant atoms, E centers, unintentional quantum dots, and P b centers.
The chance that we are dealing with a dopant atom is small, since our background doping is ≤ 10 12 cm −3 . Additionally, these would not show amphoteric behaviour and charging energies below 20 meV.
E centers, another type of SiO 2 defect, are described as non-amphoteric deep hole traps and responsible for fixed positive charge. 48 Primarily induced by radiation, E centers are often characterized as border traps 49 , located further from the conduction channel. Whether or not this defect could cause Coulomb blockade would depend on its distance from conduction channel. Radiation induced damage caused by electron beam evaporation 50 , used in our sample fabrication, could lead to higher incidence of this type of defect.
One other explanation for the amphoteric nature of the observed charge transition is the formation of a so-called unintentional quantum dot, created by e.g. disorder or strain 47 . In case of the latter the conduction or valence band is modulated by strain, induced by the difference in thermal expansion coefficients between the silicon and the aluminum gates in the heterostructure. This can create tunnel barriers on each side of the barrier gate, resulting in an unintentional quantum dot. The fact that we observe quantum dot behaviour in a small percentage of barrier gates could be explained by variations in grain size of our constituent Al, resulting in non-uniform strain and tunnel barriers which vary from barrier to barrier.
A system very comparable to the P b1 center is the single dangling bond on hydrogen-terminated intrinsic silicon, i.e. without an oxide. Density functional theory (DFT) calculations of this single dangling bond (D 0 ) have shown that the associated bound state has an energy level approximately 13 meV above the valence band maximum 46 . This agrees very well with our extracted value for the charging energy.
The multiple charge states visible in both the hole and electron operation regime preclude us from identifying the simple case of a single P b center with only three charge states:
The origin of the Coulomb diamonds and associated charge states can be explained by the non-singular nature of the defect: Two P b centers in parallel would also give rise to overlapping Coulomb diamonds, while the different addition energies of the neighbouring Coulomb diamonds would not be expected. It is also known that very proximate dangling bonds can form molecular type bonding, which could account for the observation of more than three charge states 46 .
The ability to resolve single P b centers could be attributed to the equilibrium density and the corresponding possibility of finding a small but definite number of unpassivated P b centers underneath a barrier. This corresponds to our findings that a finite number of barriers still shows an electrically active defect. To confirm this type of model, the device structure proposed in this article combined with statistical analysis on the incidence of charge defects with varying annealing processes would be needed. Electrical detection of spin resonance (EDSR) 33 would further provide strong experimental evidence to confirm if these remaining charge defects are caused by unpassivated P b centers.
In conclusion, we have demonstrated that an annealing process using ALD-grown Al 2 O 3 is able to passivate the majority of the electrically active defects present at the Si/SiO 2 interface. We attribute this to the passivating properties of hydrogen present in the Al 2 O 3 layer. After annealing the ability to form electrostatically defined quantum dots markedly improves with dot lengths of at least 180 nm. These quantum dots show many charge transitions, indicating the low level of disorder in the devices. We believe this is most likely due to the elimination of the majority of P b centers. The ambipolar device architecture then allows us to reveal the amphoteric behaviour of a remaining charge defect underneath a single barrier with energy levels 10 meV above the valence band and below the conduction band.
The ability to form singular quantum dots in this heterostructure is strongly dependent on the density of charge defects at the interface. The control of the spatial density of charge defects in Si planar quantum dots is thus necessary in order to succesfully and reproducibly scale up to many devices in a proposed quantum computer. For P b centers it is known that the passivation/depassivation reaction leads to an equilibrium, which implies there will always be a finite defect density at the Si/SiO 2 interface. In order to eliminate defects at this interface, another crystalline material to supplant the amorphous SiO 2 would be ideal. Candidates for this could either be crystalline dielectrics or other crystalline materials such as SiGe 8 .
The architecture presented here successfully avoids dewetting of Al in the annealing step by use of Al 2 O 3 , which simultaneously provides hydrogen for the passivation reaction. The ability of the ambipolar architecture to investigate the amphoteric nature of defects could be a very useful tool in the arsenal to further investigate charge defects in all manner of materials.
